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FOREWORD 

During the previow six quartere of work on t h e  cont rac t ,  t he  
enphasis has been d i r ec t ed  toward t h e  developtnent and appl ica t ion  of semi- 
conductor detectors t o  invivo masurenrcnts of r ad ia t ion .  The r e s u l t s  of 
t h i s  work can be sunnarized a s  follows: - 

Developnrnt af f ab r i ca t ion  technique8 for 3mn diameter and l m  diameter 
d i f fused  junctian de tec tors  h a r m t i c a l l y  sea led  i n t o  the  end of 
flexible cables.  These un i t s  a r e  character ized by t h i n  (4 2 micron) 
entrance windawo, and shallmu depletion depths ( d l 0 0  microns) 
making them useful f o r  invivo detect ion of u p a r t i c l e s ,  low energy 
protons and B-rays. Their y-ray s e n s i t i v i t y  is l ow.  

The developnwnt of a PIN l i thium ion d r i f t  de t ec t a r  packaged i n  a 

s i m i l a r  manner. The PIN lithiurn ion d r i f t  detectors a r e  completely 
depleted and have heavy ( ~ 1 0  m i l s  s t e a l )  entrance windowo. They 
a r e  umeful for energetic B-rays and have small  but  usable e f f i c i ency  
for y-rays, about 2%. 

The packaging of B low noise nuvistor-tranrpistor hybrid preamplif ier  
s u i t a b l e  for use i n  medica l  s e t t i n g s .  
a 1s o deve loped. 

A companion parer  supply was 

The f ab r i ca t ion  of the invivo de tec tors  i n  t h e  form of s lender  rigid 
probes of rugged construction f o r  s u r g i c a l  use. 

The development of a preamplifier i n  the form of a probe handle which 

can be s t e r i l i z e d  for su rg ica l  use. 

The development of a threshold discr iminator  and count r a t e  c i r c u i t  
for appl icat ion of t he  probes t o  su rg ica l  procedures. 

Expe r imnta l eva lua t ion  and appl icat ion of the probes t o  a var i e ty  of 
problems in c l i n i c a l  medicine. 

A t  t he  conclusion of t h e  s i x t h  quar te r  of work, t h e  object ive 
of t h e  cont rac t  was red i rec ted  tuward applying t h e  technique developed 
previously t o  t h e  development of  dosimetry techniques f o r  use i n  conjumtion 
wi th  the  manned space program and m o r e  spec i f i ca l ly ,  t h e  Apollo program. 
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This e f f o r t  f a l l s  roughly i n t o  three  tasks: 
hazards associated with t h e  mission; (2) the  evaluation of a dose m a s u r i n g  
approach, which can assess t h i s  hazard; and (3) the  development of a 

prototype instrument based on t h e s e  pr inc ip les .  
r e p o r t  represents  the completion of these t asks  culminating i n  t h e  del ivery 
of a laboratory model of a space dosimeter. 

(1) a study of the  b io logica l  

The work covered by t h i s  

I. INTRODUCTION 

To ensure t h e  successful  completion of the Apollo mission, 
it is necessary t o  assess the  biological  hazards of human bodies due t o  
ion iz ing  r ad ia t ion  i n  space. The conventional mans  of dose measurement 
present  a number of se r ious  l imi ta t ions .  Most medical procedures, f o r  
which t h e  majority of rad ia t ion  dose measuring i n s t r u m e n t s  have been c a l i -  
brated, involve the use of photons ur very high energy #3 p a r t i c l e s .  
However, some of the most severe r ad ia t ion  hazards i n  the Apollo mission 
a re  i n  connection with heavier charged p a r t i c l e s  such a s  protons. 
t h i s  reason, a direct application of r ad ia t ion  dose instruments and data 
from the medical f i e l d  is d i f f i c u l t .  Other d i f f i c u l t i e s  a r i s e  from t h e  

f a c t  t h a t  dose r a t e  can vary over very large ranges. Because of t he  long 
durat ion of t he  proposed space missions, a dose r a t e  threshold i n  an 
instrument would be very undesirable, s ince  it may be ant ic ipa ted  t h a t  

a r e l a t i v e l y  low dose r a t e  will be encountered over e s u b s t a n t i a l  p a r t  
of t h e  mission but  with s ign i f i can t  accumulated dose. 
through trapped r ad ia t ion  and in t h e  presence of solar f l a r e s ,  the dose 
r a t e  can climb t o  very high leve ls  f o r  s h o r t  periods of time. Under these 

conditions,  any sa tu ra t ion  effects  would, of course, be undesirable.  
Among various requirements  f o r  space instrumentation is t h e  continuous 
a v a i l a b i l i t y  of readout of accumulated dose and dose rate in order for the  
ast ronaut  to assess the  radiation hazard s t a t u s  of the mission and thus 
be able  t o  make operat ional  decisions concerning it .  However, the permanent 
nondestructive record of the  rad ia t ion  h i s to ry  of the  mission is l ikewise of 

g r e a t  in te res t .  

For 

bring passage 

primari ly  of 
dosimeters . 

In the past ,  radiation dose measuring instruments have been 
two basic  types: air ion iza t ion  chambers and chemical 
The a i r  ionizat ion chamber represents  t h e  standard by which 
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other h0trwaent8 are  usual ly  calibrated, but hao the  drawbacks of low 
sensitivity, difficulty of readout and poor r e t en t ion  of informtion f o r  
long pmriods of time due t o  leakage. Chemical doa imte rn  which include 
nrch th ine  ab photographic film, thermluminscent  and f luareacent  g lass  
doshetar8  bas i ca l ly  u t i l i ze  physical and chemical changes which occur 

more or  1@66 rever r ib ly .  
caser  of t h e i r  capacity to accumulate dose with minimum threshold effects 
and retain this informticn f o r  long periods of t i m e .  However, they do 
n o t  general ly  provide dose rete information and a r e  general ly  available 
for readout only on a des t ruc t ive  basis ,  i . e .  one which eraaee previoue 
information. 

The6e d o s i m t e r r  have the advantage in nuny 

The silicon semiconductor nuclear p a r t i c l e  de tec tor  has many 

It is e s s e n t i a l l y  a s o l i d  s t a t e  ion iza t ion  chamber having many 
interesting p rope r t i e s  which lead t o  its p o t e n t i a l  appl ica t ion  to these  
problems. 
of the properti t .  of a $a6 chamber with t h e  notable exception of the higher 
densi ty  of the  ionizable sens i t i ve  voltma. 
advanteges and some diaadventages accrue. 
higher  e e n s i t i v i t y  t o  small volums, a better approximetion to t i s s u e  for 
c e r t a i n  t y p e s  of r ad ia t ion  and a physical  ruggedness rendering it au i t ab le  
f o r  space vehicle use. 
curren ts  associated with semiconductor junct ion devices and the r e s u l t i n g  
electronic noise  which tends t o  obscure low energy radiation events. In 
order to take advantage of the useful proper t ies  of these de tec tma  and 
c~rcwwent d i f f i c u l t i e s ,  a number of novel circuit approaches have been 
devised. These coneie t  of coupling t h e  good e f f i c i ency  and re~panse of 
the semiconductor detector t o  the long term memory of electrochemical 
i n t eg ra to r s .  Recent developments i n  the latter field have made posefble 
t h e  accumulation of charge v i r t u a l l y  without threshold up t o  large values 
although a t  t he  same time providing nondestructive readout of the recorded 

information. 
possjble  personal dosimetry packages having a volume of 2 cu.in. o r  less 
inciuciing the selfcontained pawer supply. This makes possible  t h e  locat ion 
of d o e i m t e r  packages on t h e  body of the astronaut  with minimum discomfort  
and in te r fe rence  with normal functions. 

For t h i s  higher densi ty  many 
Among the advantages are much 

Its disadvantages stem from the inherent leakage 

The teaming of these two devices with s u i t a b l e  c i r c u i t r y ,  makes 

This l a t t e r  property 18 of great  
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importance s ince  ca lcu la t ions  would appear t o  ind ica t e  t h a t  dose can 
vary considerably from ont  point t o  the other  i n  space capsules and t h a t  
r e l i a b l e  dose information is best obtained from dosimeters i n  int imate  
contac t  with pers Onne 1. 

11. DOSIMETRY PROBLEM - DEFINITION OF TEW 

A number of terms are i n  use i n  t h e  hea l th  physics field which 
must be ca re fu l ly  defined i n  order t o  ensure t h a t  various workers can 
meaningfully compare data .  
t i on  a r e  extremely complicated,and error i n  the  d e f i n i t i o n  of terms can 
lead t o  severe discrepancy i n  assessing the b io log ica l  hazard from 
r ad ia t ion .  The unit of radiat ion which wasreconmended and adopted by 
the In te rna t iona l  ConSnission on Biological Units a t  the 7th In te rna t iona l  
Congress of Radiology 1953 is t h e  RAD. This is defined as the u n i t  of 
absorbed dose which is 100 ergs per gram i n  any medium. The RAD i e  a 

measure of t h e  energy imparted t o  matter by ion iz ing  rad ia t ion  per u n i t  
mass of i r r a d i a t e d  material at the  place of i n t e r e s t .  For dooimetry 
purposes, t h i s  unit has displaced the o r ig ina l  unit of X-ray or y-ray 

dosage, the roentgen, which was defined i n  terms of the ionizat ion produced 

The biological s i g n i f i c a n t  effects of r a d i a -  

i n  a i r  and the  roentgen equivalent physical  (REP) which re la ted  t h i s  unit 
t o  t he  r ad ia t ion  dose i n  t i s sue .  The RAD is a precise physical un i t ,  but 
does not give the entire s t o r y  concerning the  b io log ica l  effect of r ad ia t ion .  
For t h i s  purpose, the Roentgen Equivalent Man or REM, has been used t o  
exprees human b io logica l  dose as a r e s u l t  of exposure t o  one or  many types 
of ion iza t ion  rad ia t ion .  The dose in REMS is equal t o  the absorbed dose i n  
RADS times the relative biological  e f fec t iveness  @BE) f a c t o r  of t h e  type 
of r ad ia t ion  being absorbed, The RBE f a c t o r  is t hen  the  s i g n i f i c a n t  f a c t o r  
in comparing the bio logica l  e f f ec t  of rad ia t ion  dosage Prom a given type of 
r a d i a t i o n  t o  t h a t  of X-rays o r  ) - r a y s ;  it is t h e  r a t i o  of the number of RADS 

of X - r o ) s o r  ) -rays  to t h e  number of RADS of the other r a d i a t i o n  which pro- 

duce the i d e n t i c a l  effect on experimer t a l  o rganism o r  tissue. S i n c e  t h e  

e f f e c t  of rad ia t ior i  on v a r i o u s  p a r t s  of  the human body i s  e x t r e m i y  var iab le ,  
a number of terms are important i n  assessing the  r ad ia t ion  hazards. The 



I- 

.- 
- 5 -  

sk in  dose represents  the sum of a i r  dose, back s c a t t e r i n g  and paeefbly 
e x i t  dose from other  p a r t s  if t h i s  ie s ign i f i can t .  
energy deposited i n  approximately Imn of t i s s u e  but i n  the  case of heavi ly  
ion iz ing  p a r t i c l e s  should exclude t h e  dose deposited i n  t h e  100 microns or 
more of epiderauirr. Depth dose refers t o  t h a t  doee de l ivered  a t  a par t icu-  
l a r  depth beneath t h e  sur face  of the body and usual ly  includes t h e  dose t o  
various deep ly ing  rad ia t ion  sens i t i ve  organa such a s  t h e  bone marrow and 
viscera. Eye dose represents  the dose t o  t he  cornea of t h e  eye which has 
been shown t o  be p a r t i c u l a r l y  rad ia t ion  s e n s i t i v e  with t h e  induction of 
r ad ia t ion  c a t a r a c t s  by r e l a t i v e l y  small  dosage. This reprtslenta a spec ia l -  
ized locat ion for sk in  doee, t h e  s i g n i f i c a n t  depth being i n  the  lm region. 
By doae threshold i n  both the organism and i n  instruments, one means t he  
rninimwn dose t h a t  w i l l  produce a de tec tab le  degree of any given effect. 

It represents  the  

111. RESPONSE OF SILICON DETECTORS 

As was 8 ta t ed  i n  Section I, the s i l i c o n  detect* can be con- 
sidered a8 a s o l i d  s t a t e  ionizat ion chamber i n  which every 3.5 e lec t ron  v o l t  
produces one hole-electron pa i r ,  of 1 . 6 ~ 1 0 - ~ ’  coulombs, of co l l ec t ed  charge. 
This f igu re  has been sharn t o  be constant  f o r  a l l  types of p a r t i c l e s  from 
minimum ionizing e lec t rons  t o  heavy mult iple  charged nuc le i .  
extreme l i n e a r i t y  of co l l ec to r  charge with energy losses  t h a t  provides t h e  

most i n t e r e s t i n g  proper t ies  of t h e  de tec tor  for dosimetry purposes. The 
response t o  photons of course, is dependent on t h e  mode of in t e rac t ion  
between the photon and the s i l i c o n  c r y s t a l .  These i n t e rac t ions  a r e  d i f f e r e n t  
f o r  d i f fe rences  i n  energy i n  t h e  photon and f o r  t h i e  reason become r a t h e r  
complicated. The atomic number of s i l i c o n  is 14 as contrasted with 8 and 1 
for oxygen and hydrogen, the pr inc ipa l  ccmstituente of t i s s u e  and f o r  t h i s  

reason i ts  response is qu i t e  d i f f e ren t  from t h a t  of t i s sue .  
t h e  response t o  7-rays is almost completely the r e s u l t  of Compton i n t e r -  
ac t ions .  
g r e a t e r  number of photoelectr ic  processes i n  which t h e  e n t i r e  photon energy 
i 8  imparted t o  an e lec t ron .  This r e s u l t s  i n  a somewhat peaked response i n  
t h e  100 Kev photon range. 

It is the  

A t  high energies 

As t he  energy f a l l s  t o  100 Kev and lower, there is an increasingly 

The in t e rac t ion  w i t h  high energy protons however, is much 
simpler and is described almost completely by t h e  mass absorption. 



- 6 -  

By mas6 ebeorption, one means t h a t  the loss of energy f o r  a 
proton is r e l a t e d  r a t h e r  simply t o  the mass of mater ia l  through which it 
passes. M o r e  precisely,  it is character ized by O V A .  For t h i s  reason, 
the  stopping power of materials of d i f f e r e n t  atomic numbers can be com- 
pared by f ac to re  which are independent of proton energy. In shor t ,  the  
energy absorbed from a proton flux by a gram of s i l i c o n  is r e l a t e d  t o  t h a t  
absorbed by a gram of t i s sue ,  by a simple numerical factor. 
then, of measuring dose, is resolved i n t o  one of measuring t he  t o t a l  energy 
deposited i n  a de tec tor  of known rna66. 

series of current: pulses  r e su l t i ng  from t h e  i n t e rac t ion  of individual  
protons with the s i l i c o n  c rys t a l .  These i n t e rac t ions  range from t o t a l  
absorption a t  low energies t o  the deposit ion of a charge equivalent  t o  
approximately 0.4 Mev/m of path i n  t h e  detector ,  f o r  very high energy 
protons, which a re  coeent ia l ly  minimum ionizing.  4 descr ipt ion then, of 
the de tec to r  response will require  a knowledge of the an t i c ipa t ed  S p e C t r U m .  

The problem 

This energy w i l l  be manifest  as a 

IV. DESCRIPTION OF THE PROTON FLUX 

Measuresents of  protons i n  space have ehown a large va r i a t ion  
in the s p e c t r a l  composition depending on a l t i t u d e ,  geomagnetic l a t i t u d e  and 
s t a t e  of s o l a r  a c t i v i t y .  However, all these spec t ra  have seve ra l  f a c t o r s  
i n  common. The protons are increasingly abundant a t  successively lower 
energy, t he  observations on the low energy end being l imi ted  by the cut-off 
of t h e  observing instruments. As the  energy increases ,  t h e  d i s t r i b u t i o n  
falls monotonically t o  quite l o w  values a t  energies  i n  excess of 1 Bev. These 
e x t r e m l y  high energy p a r t i c l e s  a r e  quite penet ra t ing  and hence, a r e  not  
degraded appreciably i n  t h e  s t ruc tu re  of the spacecraf t .  Their t o t a l  con- 
t r i b u t i o n  t o  doce is q u i t e  small. On the low energy end of t h e  sca l e ,  the 
protons will be stopped e i ther  i n  the sk in  of t h e  spacecraf t  o r  i n  the  
course of penet ra t ing  various i n t e r i o r  s t r u c t u r e s .  Since the range of 30 
Pkv protons is approximately Srmn i n  aluminum, t h e r e  should be l i t t l e  con- 
t r i b u t i o n  t o  dose a t  energies  below t h i s  order  of magnitude. The most 
damaging grc?tnns i r e  t h n ~ o  which z r e  degracicd in t h z  spacecraft  to an 

energy where they a r e  i n t e n s e l y  ionizing i n  t i s s u e .  Anticipating t h e  dose 
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r a t e  then is extremely d i f f i c u l t ,  since it will depend on a very d e t a i l e d  
desc r ip t ion  of the middle range of the spectrum and the preciee amount of 
degrading material8 a t  c r i t i c a l  loca t ionr .  This po in t s  up t h e  d i f f i c u l t y  
of maaeuring doee in an actual  operat ional  s i t u a t i o n .  Energetic protons 
becom more and more severely damaging ar they slw down, and t h e  amount 
of elowing down duped6 on t h e  quant i ty  of degrading mater ia l ,  which i n  
turn affects the cut-off for low energies. Ideal ly ,  the masurcLment of 
do6c wmld taka place a t  the actual sites of b io log ica l  damage. T h i s  is, 
hawever, not  p088ible, even w i t h  in-vivo dosimeter techniquao. The best 
approxinmtion w o u l d  be the  measurement of the dose r a t e  a t  the surfice of 
the astronaut's body with a d o a i m t a r  rrhielded t o  degrade the inc ident  
p a r t i c l e s  to the energy d i s t r i b u t i o n  which they would have a f t e r  pene t ra t ing  
an appropriate  depth of t i s s u e .  
distribution of pulse  b i g h t 8  t h a t  might be encountered i n  such a detec tor .  
The extremely high energy protons a r e  hardly degraded a t  a l l .  Above 1 Bev 
the p r O t O n 8  ere hardly dist inguishable  from other minimum ion iz ing  par- 
t i c l e o .  These, a t  any r a t e ,  are few in number, and ignoring t he  dose pro- 
duced would h e d l y  introduce a ecrioue, error. 4 t  energ iea  between 250 Mev 

and 500 MEv, the energy deposited per u n i t  length begins t o  climb t o  the 
po in t  where it becomes a serious source of doec; but there, the s i l i c o n  is 
s t i l l  r a t h e r  transparent. 
millimeter characterize t h i s  region with l i t t l e  degradation even from as  much 
as lOcm of equivalent  tissue degrader. In the  vicinity of 100 Mev, the 
depth dose problem b e c o ~ s  increasingly serious. These protons a r e  
s u f f i c i e n t l y  energetic to penetrate  t he  spacecraf t  and ecvera l  cenimeters 
of tfe8ue a t  which point  they arc very i n t e n s e l y  ionizing as they come 

t o  the end of t h e i r  range. If t he  end of the range is the detector ,  then 
the signals will be of the  order of 10 Mev/mn, 
100 Mev, the signals will be increasingly large until the threshold of 
detec t ion  is reached. This is the energy which barely permits 8 proton 
t o  reach  t h e  detector through the degrader. A t  t h i s  poin t ,  pulse heights 
deci ine rapidly from a m a x i m  to zero. 

It i r s  useful t o  look a t  the t yp ica l  

Pulses corresponding t o  two t o  three Mev per 

With proton energy below 
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V. SURFACE At@ EYE D06E 

Specia l  consideration should be given t o  t h a t  port ion of the 
spectrum which is neglected i n  depth dose considerat ions.  
the eye is p a r t i c u l a r l y  rad ia t ion  sens i t i ve .  Many of the e a r l y  workers 
with charged p a r t i c l e  beams suffered r ad ia t ion  c a t a r a c t s  a s  a result of 
their fa i l ing  t o  appmcia te  t h i s  problem. In t h i s  case,  p r o t m e  wi th  a 
range of less than h of t i s sue  must be considered. This corrasponds to 
t h e  range of a few Mev, and is m o s t  l i k e l y  t o  r e s u l t  from almost t o t a l l y  
degraded protons as well a s  secondary protons from nuclear  m a t t e r i n g  and 
react ions.  To detect these radiations, a s i l i c o n  detectar without degrader 
o r  appreciable entrance wind- would be used. 
would range from about 0 .5  to 5.0 &v i n  a th in ,  say 100 micron detector .  
The high energy port ion r e s u l t s  from other  than normal incidence. 
dosimeter, even more than the  depth dose inetrumcnte, needs to be located 
a s  close a s  poesible t o  t h e  ac tua l  s ens i t i ve  site. 
ment would g r e a t l y  a i d  t h i s .  

The cornea of 

The pulse heights  of i n t e r e s t  

The eye 

A simple compact i n s t ru -  

VI. ESTIMATION OF THE ORDERS OF MAGNITUDE 

The most i n t e n s e  solar f l a r e  reported would produce a dose 
of l e e s  than 100 R/hr. This figure is then a convenient upper l i m i t  for 
the  dose r a t e .  A t  t h e  opposite end of the  s c a l e  the re  i s  l i t t l e  use i n  
considering r a t e s  much less than lO”R/hr, s ince  t h i s  is of t h e  order  of 

t e r r e s t r i a l  background dose. 4s f a r  as t o t a l  dose is concerned, a dose of 
lOOOR is almost invariably f a t a l  if not  t o t a l l y  d e b i l i t a t i n g ,  and for 
p r a c t i c a l  reasons is about t he  maximum dose t o  be considered. Instruments 
however, should not  produce gross e r r o r s  i f  subjected t o  g rea t e r  dose than 
t h i s .  In other  words, dose of lOOOR o r  g rea t e r  should never ind ica te  lese  
than l O O O R  due t o  sa tu ra t ion  e f f ec t s .  A t o t a l  accumulated dose of 1 R  is 
probably negl ig ib le  f o r  a mission. 
t o  1% of t h i s  value might be of i n t e r e s t  i n  t r ac ing  dose bui ld  up conditions,  
so should be detectable .  Using t h i s  data,  and the  previous discuseion of 
the spectrum, it is ins t ruc t ive  t o  compute the requirements of a dosimeter 
package. 

However, increment6 of dose of down 
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Since 
1 Rad = 100 crgdgm = 10’’ joules/gm = 6x10 7 Mtv/lgn 

end i n  t i s s u e  the  dE/dx for a proton of say 30 Mcv is about 15 Mev/apl, then 
6 1 Rad - Qx10 ; 30 Mev protons for t h e  peak dose rate of 100 R a d h r .  

- 

2 100 Radlhr - 4x108 = l.12x10s; 30 M v  protons/cm /see. 
3600 

This i. w e l l  wi thin the capacity of ordinary pulse technique, since f o r  e 

no prObhn, even far retee t e n  times a s  great or proton energies ten t i M B  

a0 high. 

t y p i c a l  detecbr the area  i e  of t he  ordtr of 0.04~~1 2 Thus, dose rate is 

VI I. SYSTEM DES IGN CONS IDERATI ONS 

Wery d o r h t e r  s y s t e m  can be reduced t o  two e l e m n t a r y  pro- 
CCSBC~. These are (1) the convereion of abaorbed energy t o  a lectron-ion 

(or hole) pairs i n  the  absorbing medium; and (2) t he  recording or accumu- 
lation of these c h a m s  t o  cons t i t u t e  an observable quantity. 
ca-8, such a8 w i t h  d-imetry ion chamberg, t h e  two proceeses a r e  combined 
i n t o  one device, the gas contained in t h e  chamber accomplishing (1) the 
def lec t ion  of a quartz  fiber electroraeter eccanpliehing (2). In o ther  - 

ca*ea, a number of intemmdlote b t q m  are *wed. 

1utnin.rrcent doeisrtry (1) takes place in the CaF2 crya ta l .  

stored a s  excited s ta tes  of the c r y s t a l .  Heating produces the emireion of 
l i g h t  which ejects photoelectrons from a photocathode which are amplified by 
e lec t ron  mult ipl icat ion.  These i n  t u rn  ac tua te  an in t eg ra to r  for  (2). I n  
t h e  case of the  s i l i c o n  semfconductor dosimeter (1) is accomplished by t h e  
dis8ipetiorr of encrgy fn a s i l i c o n  c r y s t a l  represent ing the generation of 
h o l c a l e c t r o n  pairs .  

In some 

For exuaple, in tkm- 

The m8ult6 a r e  

Xt ie uneful t o  estimta the y i e l d  for thir pmceer. 

LitMua im d r i f t  detecturs have been fabricmtud wlth sizes 
A sphe r i ca l  geometry is c l e a r l y  des i rab le  3 ranging from l c m 3  t o  .001cm . 

from t h e  poin t  of view of l a c k  o f  d i r e c t i o n a l  discrimination. 
does not lend itself t o  simple attachment of co l l ec t ing  e lec t rodes  so a 

cubic  approximation is used. 
would be encountered from two  source^^. F i r s t ,  c o l l e c t i m  of c a r r f e r e  from 
such a deep counter would require  high vol tages  o r  low ternperaturee, both 

Thi6 ahape 

a 
If a l c m ”  de tec tor  were used, d i f f i c u l t i e s  
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of which are inconvenient i n  a dosimeter. 
t h i ck  compared with the range of s i g n i f i c a n t  energy p a r t i c l e s  leading t o  

departure from behavior as a Bragg-Gray cavi ty .  Detectors much smaller 
than lmn on edge a r e  d i f f i c u l t  t o  f a b r i c a t e ,  and a t  any r a t e  would have 
vanishing reoponae. From these cons idera t ima,  a 2x2x2mn cube is conglidered 

a s  a good s i z e  for the  detector .  The volume is then 

Second, the  counter would be 

3 A t  a density of about 2.3 gm cm , t h i s  gives  a mass of 

M = 1.8x10-2 gm 

One Rad then deposi ts  1.8 ergs i n  the detector, or 

1 Rad = 1.8x10-' j o u l e d d e t e c t o r .  

The charge y i e ld  fn coulombs is t h i s  number divided by 3 . 5 ~  since ev x 
coulombs gives energy, or 

1 Rad - 1.8~10-~; = S X ~ O - ~  coulombs. 
3 . 5 %  

This is en appreciable charge. If there were no leakage a chamber of lOOpf 
capacitance would charge t o  a voltage of SO0 vo l t s ,  bu t  unfortunately,  it 
is  d i f f i c u l t  t o  reduce t h e  l eakage  of such devices, even with guard r ings ,  
t o  less than 10'' amperes due t o  thermally exci ted  carriers.  
equivalent  to 1 Rad per mfnute and thus obscure any lesser dose rate. 
For t h i s  reaaon, the in tegra t ion  and observation of t he  DC current r e s u l t i n g  
from t he  collection of t h i s  charge cannot be used even though its simplicity 
has greet a t t r a c t i o n s .  Instead, t he  individual  pulses  will be u t i l i z e d ,  
since the pulse- l ike nature  of the individual  proton-detector i n t e r a c t i o n  
provides an ideal means of discriminating a g a i n s t  the background leakage 
cu r ren t .  

This would be 

As we have seen e a r l i e r ,  the  range of magnitudes of pulses 
w i l l  be from about 1 .5  Mev (three times minimum ionizing) a t  250 Mev 

inc ident  energy, t o  20 Mev, the energy l o s t  by a p a r t i c l e  t h a t  j u s t  s tops  
i n  the 2 m  depth of t h e  detector .  Noise, due t o  leakage curren t  and 
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electronic limitations is of the order of 30 Kev WHM. 
p a r t i c l e a  depomit about 0.8 Mv. 
are to influence the dose measurement, a threshold f o r  response should be 
s e t  a t  sane higher figure, of the  order of 1 Mav. Thus, eaaplification 
t o  bring t k  detcctar  signale up to  a level which permits Betting e 

threshold e l e c t r o n i c a l l y  a t  about 1 Mcv is required. 
required gain of the amplifier system. 
ted is l imi ted  by the linear output range of an amplif ier ;  about 10 v o l t s  
for low power t r t~nSi8 tOr  circuits. 
of about 0.5 vol ts  per &v producing a range of s igna le  from 1 t o  10 vo l t e .  

Minlxiwn ionizing 
If n e i t h e r  of these eources of background 

This sets the minimum 
The araximum gain t h a t  can be t o l e r a -  

This would call f o r  a charge s e n s i t i v i t y  

vr I I. DEGRADER cm IDERATIOM 

For a depth dose measurement it is necessary t o  degrade t h e  
proton flux to simulate the spectrum a t  depth. Degradation by tissue 
equivalent  materia1 would be e x t r e m l y  cumbersome, requiring a ephere 
of approximately 20cm diameter t o  get e good depth dose simulation. 
Fortunately,  only a few millimeters of tissue equivalent  mater ia l  need be 
i n  ccmtact with tho detec tor ,  since the range of secondaries fran protone 
is small. 
tungsten, gold or lead. These mass absorbers degrade the proton spectrum 
i n  proport ion t o  their denrity, so for a density of 16, only 6 m  of degrader 
a r e  needed for a l 0 c m  tirew depth. 
and should not  prove cumbemom. 

The balance of the degreder can be any dense material ouch as 

Such a shell has a very small mas8 

For the surfacc/eye dose no degrader i s  used. To simplify 
the electronics, the aame mass detector is used. 
is O . O l c r n  as would be the case for a diffused junction, then an area of 
0.8cm 
a good approximtion t o  the sensitive area of the eye. 

If the depletion depth 

2 is required or a circular detector of roughly lcrn diameter. This is 

IX. STORAGE OF DATA 

The det=ctor end associated amplifier produce a pulsed s i g n a l  

having rise and decay times of the order of a microsecond. 
cons ider  means for accumulating this data .  

We must now 
If only laboratory use were 
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contemplated, a multi channel pulse height analyzer would be the i d e a l  
t o o l  for t h e  accumulatfon of data. This would store t he  number of pulses 
having a given amplitude for a hundred or more d i s c r e t e  amplitudes. How- 
ever, t h i s  information is quite redundant s ince the d i s t r i b u t i o n  is F (E) 

then t h e  dose i s  c l e a r l y  

D =  J- O0 W W h  
threshold 

Some form of pulse i n t eg ra to r  can be used, and the  complexity of pulse 
height  ana lys i s  can be eliminated. In t h e  choice of an in t eg ra to r ,  t h e  

a c t u a l  operat ional  considerations a re  primary. Some of thme are a s  
follows: 
(1) High r e l i a b i l i t y  and proof agains t  loss of data.  

(2) 

(3) 
(4) Absence of aging, drift, or threshold effects. 
( 5 )  Simple, preeiee readout. 

Small size and weight for high capacity.  
Zero or small  standby power consumption. 

These are net by the use of a device, extremely old  i n  
principle, but only recent ly  developed for p r a c t i c a l  use. This is the  
electrochemical cell, o r  shorter ,  the E-cell. In the E-cell, an electric 
cu r ren t  is passed from a meta l l i c  electrode through an e l e c t r o l y t e  of a 
s a l t  of this metal to B neu t ra l  e lectrode.  Faraday's law a t a t e s  t h a t  t he  

ma88 of m t a l  t r ans fe r r ed  is one chemicel equivalent for every 96,500 

coulombs of charge which is passed. The precis ion of t h i s  r e l a t ionsh ip  

is such tha t ,  until r e c e r t l y ,  the standard ampere %as defined in terms of 
t h e  weight of s i l v e r  p la ted  i n  a cell when a cur ren t  of one ampere was 
passed for one second. These devices have been ava i lab le  from seve ra l  
manufacturers. One of t h e  most convenient is  a s i l v e r  ce l l  manufactured 
by the  Bissett-Berman Company of Santa Monica, California. 
e lec t rode  cell  in which the readout is accomplished by t r a n s f e r r i n g  t h e  

p l a t e d  silver t o  a third electrode and recording t h e  charge necessary to 
reach a reac t ion  end point.  Since the metal is held on the third electrode, 
readout is essentially nondestructive, e ince the information may be obtained 
by back p l a t ing  any nusnber of timQ6. 

by Self-organizing System Inc. of Dellas, Texas. This is an iodine ce l l  

This is a three  

A seennd is the Solion cell manufactured 
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i n  which iodine is pla ted  through a 8edpenncable  mmbrane i n  a three 
colnpartfflcnt cell. 
readout of the  in t eg ra t ed  quantity without i n t e r rup t ion  of the readout 

That is t o  say, t h a t  a charge of t h i s  magnitude produces a c l e a r l y  defined 
r eadmt .  
threehold, being able  t o  in tegra te  cu r ren t s  i n  t h e  pico-ampere region. 
The use of these c e l l a  require8 t h a t  the pulaed voltage s i g n a l s  be con- 
ve r t ed  back t o  cha- s i g n a l s  of t he  eane type t h a t  occurred in the  
de tec tor ,  but  w i th  enhaneed amplitude and free of background. 
of the charge ampl i f ie r  i a  required together  with an e lec t ron ic  swi tch  
which opens t he  i n t e g r a t o r  c i r c u i t  except when a pulse exceeding t h e  pre- 
set energy threshold i a  present. If 10 microcoulombs is t o  correepond t o  
the  m i n i m u n  dose of i n t e r e s t ,  about loo2 Rad, then t h e  convereion constant  
of the complete eyitrm can be spec i f i ed  

It provides the  interesrt ing f e a t u r e  of ContinUO~6 

- cycle.  The th reshold  for both of these  &vices ie about loo5 coulombs. 

In t e r m 6  of r a t e  of rccurnrlaticm, both a r e  e f f e c t i v e l y  free of 

An inverse 

1 Rad - loo3 coulombs 

A t  t he  de t ec to r  

1 Rad = 5 ~ 1 0 - ~  cwrlombe 

Thus the charge gain on 

P 

5x10-* 

h e  charge gain is just 

t h e  complete system $8 

t h e  charge t o  vol tage gain of the charge oens i t i ve  
ampl i f ie r  t i m a  the voltage t o  charge gain of the  voltage t o  charge 

converter .  The former is 

0.5 volts/Mev x 315~10-~&v/h -e  p a i r  1x1013 volts~coulomb. 
1. 6 ~ 1 0 ~ ~ ’  coulombslh-e p a i r  

The l a t t e r  mus t  be 0.5~10- 
capacitance,  and as w e  s h a l l  see this is an a c t u a l  capacitance used t o  make 
t h e  conversicm. 

coulombs/volt. This has the! diAlensions of a 
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X. DETAIIED DESIGN OF THE SYSTEM 

1. Detector - As was discussed i n  the previous design camidera t ions ,  t he  

de tec tor  i r  a 2x2x2m l i t h i u m  ion drift de tec to r .  The de tec to r  io 
prepared by t he  conventional method of d i f f u s i n g  l i th ium i n t o  one f ace  
of a p-type a i l i c o n  wafer and then subjec t ing  the  wafer t o  an electric 
f i e l d  a t  e levated temperatures. 
f i e l d ,  the lithium donore a r e  d i s t r i b u t e d  throughout the  c r y s t a l  l a t t i c e  
in such a way a8 to compensate t h e  acceptor cen te r s  i n  the wafer. The 
r e s u l t  is a completely depleted PIN structure i n  which the  n contac t  is 
formed by the l i thium diffusion,  the p contact  by the  uncompensated base 
mater ia l  and t h e  i n t r i n s i c  layer by the  compensated mater ia l .  To guard 
agains t  t he  pOS6fbility of f u r t h e r  drift under e levated temperature 
conditions,  s u f f i c i e n t  undepleted 6iliCOn is left a t  t h e  r e a r  of the  
wafer t o  permit drift t o  take place. The wafer is diced i n t o  2x2m 

sections which ere etched and mounted i n  s tandard TO5 t r e n s i a t o r  cans. 
The can i a  filled with a silicone rubber which serves  thc dual  r o l e  of 
pro tec t ing  t h e  junct ion against  contamination and providing a m a t r i x  of 
t issue equivalent  mater ia l  t o  improve t h e  response of the dosimeter. 
The t r a n s i s t o r  can is welded shu t  t o  a s tandard 3-wix-e header. This is 
a convenient shape for i n se r t ing  i n  e degrader s h i e l d  and f o r  plugging 
i n t o  the  preamplifier.  
using c l ipp ing  t i n m  constants of 1 microsecmd, t h e  de tec tors  exh ib i t  
a noise  level between 30 and 20 k i l o v o l t s  RJHM. 

Under the  inf luence of the electric 

When operated i n t o  a convent imal  teet  f a c i l i t y  

2 .  Amplifier - The amplif ier  employed is an a l l  t r a n s i s t o r  lowpower con- 

sumption amplif ier  developed under NASA Contract NA!+383,(FigS)usd i n  
connection with space physics experimcntation by the Jet & O p u l S i O n  

Laboratory. The p r inc ipa l  r e q u i r e m n t  f o r  t h i s  amplif ier  is s t a b l e  l o w  
no ise  operation with a mininrum of power consumption. 
l a t t e r  r cqu i r emnt ,  the nuvis tor  hybrid preamplif ier  developed e a r l i e r  
i n  the course of t h e  cont rac t  could not  be employed, since the nuvis tor  
requires approximately l w a t t  of power f o r  its operatian.  

Because of t he  

The cont r ibu t ion  of an ind iv idua l  noise  source t o  the noise 
output of a detector-amplifier system involves t h e  in t eg ra t ion  over 
frequency of the product of t he  noise n (tJ ) and ampl i f ie r  gain g (3) . 
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The gain g(W) depends upon t h e  pulse shaping network of tha ampliar. 
The eiarphst nehrork, which i u  one of t h e  best from a noise viewpoint, 
i r  an amplifier containing one RICl i n t e g r a t o r  and one l$C2 d i f f e r e n t i a -  
tor, the two th! constants  being equal. 
g ( r 3 )  = aY:/(l+ W 2 2 )  , where Y = RICl = %C2 and = 2Tf. If a nuclear  
p a r t i c l e  d8P081t8 a charge Q on t o  the input  c r p a c i t a n ~  G i n  a time 
which b short congared t o y ,  the ampl i f ie r  w i l l  pa88 an exponentially 
r i s i n g  end fa l l ing pulse  with a maximam height  equal t o  0.37 Q/C 
independent o f y .  The discusrionrr which follow refer t o  such an 
amplifier . 

For such an ampl i f ie r  

Analogouc t o  the  s i t u a t i o n  found in detector-vacuum tube 
amplifier system, e study of noire i n  de t ec to r - t r ans i s to r  ampl i f ie r  
systems, i n d i e a h t h a t  there are only two important noise sources t o  
consider.  One 8ource has its or ig in  in the input t r a n s i e t o r  base 
cur ren t  and detector leakage current ,  and the other is related t o  t he  
c o l l e c t o r  currant. 

The hue and detec tor  leakage cur ren t  noise  B- m y  be 

& o m ,  w h e r e  e is t he  electronic 
represented by white noise curren t  generator a t  the ampl i f ie r  input 
with a magnitude of i - 
charge, 6c3 is the frequency interval  and Iin = Ib + Id i a  the glum of 
the base and detector currents .  Since this generator  is shunted by 
the totel  input capacitance C, the  ma noise voltage squared per u n i t  
bandwidth, (referred t o  t h e  ampl i f i e r  input)  i g l  equal  t o  @Iin) 

( T W  C ) The integration over frequency obtains  

2 
“in 

2 2  

The input r m  cham equared ncccesary t o  produce a s i g n a l  equal  t o  the 
rmsl noise output is obtained by se t t ing  dms equal t o  (0.37 Qrms/C)‘, 

result ing in 
c 2  
v m  = 1.8e1~~T @as@ and detector current noisej 
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The c o l l e c t o r  cur ren t  noise  (shot noise) m y  be represented 

= ( e I C 6 u ) r n i n  p a r a l l e l  wi th  the  by a cu r ren t  generator i _  

a t  t h e  base. 

2 

co l l ec to r ,  or by a voltage generatar  of magnitude v 2 - = ( r 2 , c & & w r  
F o l l w i n g  a s i m i l a r  procedure, w e  f i n d  

2 2 $,, = (0.34re eIcC )/y (collector cur ren t  ehot noiae) 

where re is t h e  emitter res i s tance  and IC is t h e  c o l l e c t o r  cu r ren t .  

proport ional  t o  t he  amplif ier  t i m e  constant  y, while t h e  c o l l e c t o r  
cu r ren t  (shot) noise squared is inversely proport ional  t o  “r: and, 
in $eneral, an optiffaun value of r e s u l t s .  Since the  base and de tec tor  
cu r ren t  noise  is proportional to the cu r ren t  Id + Ib, low leakage 
de tec to r s  (such as  the guard r i n g  de tec tor )  and low base leakage 
(Ics$ t r a n s i s t o r s  a re  required for l a w  noise. 
cu r ren t  noise ia proportional t o  the  t o t a l  input capacitance, t he  
de tec tor ,  ba.e-emftter, and base-col lector  capacitance6 should be a s  
small  88 pouslble. 

The base and detector  leakage cu r ren t  noise squared is 

Since the  c o l l e c t o r  , 

In order t o  i l l u s t r a t e  t he  r e e u l t s  obtained above, noise  vereua 
amplif ier  time constant  data w e r e  taken on an e a r l i e r  developed law 
noise  t r a n s i s t o r  amplifier based on t h e  2N930 t r a n s i s t o r .  
s a t i s f i e s  t he  requirements for a lm  noise  input  s tage .  It has a 
f3 > 250 a t  10 microamperee c o l l e c t o r  cu r ren t ,  fa 
and ICBO < 5 1 ~ 1 0 ~ ~  amps. The c i r c u i t  configurat ion is shown i n  
Fig. 1. hc data are presented in Fig. 2 ,  where the ful l -width-at-  
half-nmxiam,un in Kev is plo t ted  aga ins t  t he  amplif ier  time c o m t a n t s  
i n  microseconds on a log-log sca le .  
base curren t  noi8e contr ibut ion a r e  c l e a r l y  indicated.  

The 2N930 

150 Mc, Ck% 2 pf,  

The shot  noise cont r ibu t ion  and 

The c i d t  schematic of the t r a n s i s t o r  carrcode preamplif ier  
is shown i n  Fig. 3. The preamplifier is composed of (a) a charge 

I 

fedback input  s tage  whose output is proport ional  t o  the  energy deposited 
i n t o  the detec tor ;  (b) a fedback ampl i f ie r  connected a s  a d i f f e r e n t i a t o r ;  1 



(c) a similar fedback amplifier connected as an i n t e g r a t o r  and (d) 
an emitter follcmer output s tage.  
time constants a r e  set t o  be 1 laitroeecmd. 
maronable  ti= conr tan t  for minimum noiea awn i n  the presence of 
appreciable doteetor leakage, which could conceivably develop. 

The d i f f e r e n t i a t i o n  an& in t eg ra t ion  
Thilr corraspmrding t o  8 

The ca8code charge loop is cornposed of t r a n s i s t o r 8  Q,, Q,, 
The transistors Q, and Q, form the  input  Q,, and Q, (See Fig. 4 1. 

carcode circuit. 
capacitance a t  the input  and pr.Ovida6 a eonfiguret ion t o  obtain a 

l a rge  open loop gain with a minimum of phase s h i f t .  
and % are connected i n  a t r a n s i s t o r  version of the Whfte cathode 
follower used i n  vacuum tube circuits. This modified emitter follower 
is used t o  boots t rap the  load r e s i s t o r s  R10 of Q,, drive t he  feedback 
capac i tor  C8 and provicle a low source impedance t o  drive the voltage 
gain s t age  $; and Q,. 
is a p p r a x h t e l y  (Ree/re2) 
p a r a l l e l  with the co l l ec to r  r e r i r t s n o e  re of Q,, and reZ is t h e  

The cascodc configuration gives a minisrum of Miller 

Trane i r tors  Q, 

The open loop gain of t h f m  caecode canfigurat ion 

) I i n  1000 where Re8 = [R7/(l-AmN 

emitter r e s i s t ance  of Q 
given by [(2!i.6xlO3)/&lOOO ohms. For a large openbop gain, t he  

An appracimmtion of the value of ra2 is 

closed 1 6  gain is c m t r o l l c d  by t h e  r a t i o  of the  feedback capac i tor  
Cg and the input  capacitance. 
voltage of the charge loop i r ,  Qo/C, or approximately 20mv/M~v where 
Q, io t he  charge produced i n  the  detector by a nuclear  p a r t i c l e .  
modified emitter follower $, Qu, i e  usad because it provides higher 
input  lmpedanc9 lower output impedance, and higher  gain than a eingle 
emitter fo l louer .  The two feedback loops Q,, Q, end Q, and Q,, 
u t i l i z e  an npn pnp d i r e c t  coupled pa i r .  
of the  output transistor t o  t h e  emitter of t he  input  t r a n a i s t o r  
providing the required degenerative path. 
the gain is set  t o  a nominal value of 40 by RZ3 and %o. 

Under these conditions,  the output 

The 

Feedback is from the c o l l e c t o r  

In the first feedback pa i r ,  
However, the 

resistor Rz2 is bypassed by a capac i tor  C13 which is too mall t o  

provide appreciable bypassing a t  lm frequencies.  In  the  feedback loop 
t h i s  e f f e c t i v e l y  behaves as e d i f f e r e n t i a t o r  pruvidfng an extremely low 
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gain a t  low frequencies and increasing gain up t o  the  f u l l  gain a t  
high frequencies. 
t he  gain is halved thus these two components con t ro l  the time constant  
which is fixed a t  .01x10-6faradsx100 ohm = 1 microsecond. 
function i n  a s imi l a r  fashion t o  provide the  in t eg ra t ing  time constant.  
R31 and RZ8 provide a nominal gain of 10. 
su f f i c i en t ly  bypassed t h a t  it plays no r o l e  i n  the feedback path. 
HOwever, c18, serves t o  provide increased feedback a t  high frequencies.  
When the  reactance of C18 becomes comparable t o  Rgl, the  gain w i l l  be 
reduced by 3 db. 
constant  of 100x18 faradsxlO ohms = 1 microsecond. Q, is t he  output 
emitter follower capable of furnishing reasonable cur ren ts  to t h e  

ex te rna l  c i r c u i t  w h i l e  the standby power is kept  l o w .  
values of the  feedback r e s i s t o r  RZj is se l ec t ed  t o  f i x  the  output 
s e n s i t i v i t y  a t  0.5 v o l t s h v .  A t es t  capac i tor  C, is provided t o  
p e r m i t  operating t h e  amplifier on test pulses.  
provides a termination f o r  the  pulse generator and reduces t h e  signal 
applied t o  t h e  test capacitor C, t o  a l e v e l  s u f f i c i e n t  t o  avoid  

spurious pick-up from being coupled i n  on t h e  t e s t  input lead. The 

amplif ier  (Fig.5) is constructed i n  the form of a modified cordwood 
structure. By t h a t  is meant t h e  components a r e  stacked cordwood 
fashion between two c i r c u i t  boards which car ry  the interconnections 
between the  components. Four such s t acks  a re  employed. The first 
containing Q, and Q, and t h e  input  c i r c u i t  components, t he  second Q, 

and Q,. The t h i r d  Q5 and Q, and t h e  four th  Q,, Q, and Q,. 

s i g n a l  leads are used t o  connect the four  s t acks  together forming a 

r i g i d  s t r u c t u r e  cepable of funct ioning i n  environments involving high 
v ibra t ion  and shock. 
envi ronmnta l  masons but  t o  preserve the  p rec i se  r e l a t ionsh ip  between 
t h e  c r i t i c a l  p a r t s  of t h e  input c i r c u i t  which determine the  c a l i b r a t i o n  
f a c t o r  of the instrument. The over -a l l  dimensions of the amplif ier  
a r e  such t h a t  it f i ts  snugly into a 1/2" x 2"  x 3" drawn m e t a l  can 
W I I L C ~  serves a s  a shield against  ex te rna l  pick-up f ie lds .  The input  
is i n  the  form of a standard t r a n s i s t o r  socket project ing from one end 
of the can. While t h e  ampl i f i e r  is normally constructed w i t h  a connec- 

When the reactance of C13 is comparable t o  RZ0 

Q, and 

The r e e i s t o r  R30 is 

These two elements then provide the  con t ro l l i ng  time 
4 

The precise  

4n a t tenuator  R,,, R2, 

Power and 

The r i g i d  s t r u c t u r e  is necessary not  only f o r  

.t 2 
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t o r  fo r  paver and output s ignal ,  f o r  t he  proton dosimeter pi 'g ta i l  
type leads a r c  used t o  conserve space. 

3.  Threshold C i rcu i t  - As has been discussed e a r l i e r ,  it is necessary t o  
impose a threehold on the ampl i f ie r  output i n  order t o  avoid in t eg ra t ing  
noise  and minimun ionizing pulses .  
presence of t h i s  threshold should not  a f f e c t  t he  l i n e a r i t y  o r  prec is ion  
of the  in tegra ted  proton pulses.  
beem s tudied  and shown t o  be s a t i s f a c t o r y .  However, from t h e  point  of 
view of s impl ic i ty ,  low power consumption and high r e l i a b i l i t y ,  t he  
simple t r a n s i s t o r  energy gap type of c i r c u i t  was adopted. This is 
shown i n  Fig.6. 
18 a s i l i c o n  planar t r a n s i s t o r  which has a base energy gap of approxi- 
mately 0.6 v o l t s .  
biased u n t i l  the input s igna l  l e v e l  reaches pos i t i ve  0 . 6  vo l t s .  
t h i s  l e v e l  is exceeded, t h e  input s i g n a l  minus the energy gap appears a t  
t he  emitter through t h e  feedback ac t ion  of the  conventional emitter 
follower connection. 4 t  the s a m  time, curren t  flaws i n  the  c o l l e c t o r  
circuit which turns on the pnp t r a n s i s t o r  Q, which has previously been 
biased off by R2. For s igna ls  exceeding the threshold  of a few m i l l i -  

A t  t he  same time however, t he  

A number of threshold c i r c u i t s  have 

Q, the input t r a n s i s t o r ,  fixes t h e  threshold.  This 

That is t o  say, its base is e s s e n t i a l l y  reverse 
When 

vo l t s ,  Q, is sa tu ra t ed  due t o  the cascaded cu r ren t  gain of Q, end Q,. 

The s a t u r a t i n g  of Q, r e s u l t s  i n  mpproximatcly 2 milliamperes being 
cmducted through diode D1' 
diode D1 of approximately 0 . 6  v o l t s .  
for the  0.6 v o l t  106t from the  input pulse by t h e  threshold c i r c u i t .  
In addi t ion,  a gat- s igna l  ind ica t ing  t h a t  a pulse  is t o  be i n t e -  
grated,  is preaent a t  t he  anode of Q, and is used for switching t h e  
in t eg ra to r .  Pcrformance of the threshold circuit is a8 predicted.  
The i s o l a t i o n  for signals lese than threshold is approximately 1000 
i.e. a sub-threshold signal is at tenuated by approximately a f a c t o r  
of 1000 i n  Q,. 

between the base and emitter of Q,. 

l a rge  as the  thre8hold is  approached and reaches approximately Spf f o r  
j u s t  sub-threshold s igna ls .  To avoid i n t eg ra t ion  on such sub-threshold 

This provides a spep a t  the  anode of 
This s t e p  is used t o  compensate 

This i so la t ion  is l imited pr imari ly  by the  capacitance 
This capacitance grow6 i nc reas ing ly  
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s igna ls ,  addi t iona l  i so l a t ion  w i l l  be required.  

4- In tegra tor  C i r c u i t  - The purpose of the  in t eg ra to r  c i r c u i t  is t o  a c t  
e f f e c t i v e l y  as an inverse charge amplif ier ,  t h a t  is a voltage pulse  
corresponding t o  a given charge deposited i n t o  the  de t ec to r  is con- 
ver ted  by this c i r c u i t  i n to  a charge deposited in the electrochemical 
cell. 
In addi t ion t o  performing the  vol tage charge cmversion,  it must 
include provision f o r  un id i rec t iona l  exc i t a t ion  of t h e  E-cell. 
un id i r ec t iona l  exc i ta t ion  is -ant t h a t  the negative overshoot which 
accompanies the  input  pulse must no t  be permitted t o  f lm through t h e  

cell. Since t h e  area of t h e  overshoot is prec ise ly  equal of pulse, 
there would be no n e t  integrat ion.  Thus, a rectifier mst be included 
i n  the  in t eg ra to r  c i r c u i t  t o  permit in tegra t ion  of only one po la r i ty  
s igna l .  
most a c t u a l  rectifiers are q u i t e  non-linear i n  t h e  v i c i n l t y  of zero 
input.  
gap and a equare law region of response and it is c l e a r l y  undesirable 
t h a t  such a responsbc be imposed on t he  in tegra tor .  So for t h i s  reason 
meam must be employed t o  e l imina te  t h e  non-l inear i ty  of t he  rectifier. 
An add i t iona l  requirement on t h e  i n t eg ra to r  is t he  a b i l i t y  t o  ga t e  the  
in t eg ra t ion  s i g n a l  without the  introduct ion of spurious s igna l s .  This 
requirement f o r  ga t ing  comes from the inherent  feedthrough of the  
threshold c i r c u i t .  The i n t eg ra to r  c i r c u i t  io shown i n  Flg.6 u t i l i z i n g  
Q, and Q,. Q, serves bas ica l ly  a s  an operat ional  ampl i f ie r  i n  which 
curren ts  from C2 and C3 and from t h e  feedback path including the  E-cell 
a r e  summed i n  t he  base c i r c u i t .  The base can be viewed as a cur ren t  
node s ince  % is chosen for  e x t r e m l y  high B. If a pulse is applied 
t o  C2 and C3, these  capaci tors  can charge only by cur ren t  flawing i n t o  
t h e  base node. 
loop, t he  amount of charge f o r  example t h a t  w i l l  flow through t h i s  
loop is c l e a r l y  C2 x V of t he  input  pulse and the charge which w i l l  
f l o w  t o  charge C3 is C3 x voltage present  a t  t he  anode of V1. This 
cur ren t  note  approach e f f ec t ive ly  provides the  inverse charge amplif ier  
act ion,  i.e. t h e  charge through the  E-cell c i r c u i t  is exac t ly  

The requirements on the  in t eg ra to r  c i r c u i t  a r e  r a t h e r  severe.  

By 

While en i d e a l  r e c t i f i e r  6hould introduce no d i f f i c u l t y ,  

This nm-l inear i ty  is character ized general ly  by an energy 

This current  muet be supplied by the  E - c e l l  feedback 
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proport ional  to  the voltage of the  puloed s igna l .  
rserve a dua l  function. 
rectifier for the E-cell. 
rout ing  the  feedback current  through the  E-cell. 
shoot, diode D CCmdUCt8 and diode 9 opens thus providing a bypass 
path for t h e  feedback curren t  around t h e  E-cell during the ovcruhoot. 
In  addi t ion,  the energy gap of diodes D2 and Dg serve t o  e f f e c t i v e l y  
isolate the E - c e l l  from t h e  c i r c u i t  unleos the  s i g n a l  communicated by 
Cy exceeds t h e  energy gap of these diodes approximately 0.6 V O l t 8 .  

Q, a c t s  as a clamp t o  prevent a 8ignal  of this magnitude appearing 
et the  c o l l e c t o r  of 
R8 from the  baoe of Q3 t o  ground e f fec t ive ly  places Q, in Eeturation. 
Its s a t u r a t i o n  r e s i s t ance  is well under 10 ohms. Themfore, any 
s i g n a l  t h a t  i a  developed acrose Q, will be equal t o  the cur ren t  through 
Qu x 10 ohm. 
prac t i ce  a re  very m c h  smaller than t h e  energy gap of diode D2 and D3. 
Thua the combination of t he  shunt gate Q, and the serie8 g a t e  formed 
by % provides an i so l a t ion  of g r e a t e r  than 10 

which may feed through the threshold c i r c u i t .  
i s o l e t i o n  of 10 of t h e  threshold circuit ,  produces an over -a l l  
i s o l a t i o n  of IO g r e a t l y  i n  excess of anything t h a t  might poo8ibly 
be required. 
ga t ing  pulec conducted through C1. This i t 3  a pos i t i ve  going pulae 
from the  threshold c i r c u i t  and is more than adequate t o  completely 
c u t  off Q3. The load r e s i s t o r  or ($+ is then only t h e  feedback c i r c u i t ,  
and since any curren t  going in t h e  feedback c i r c u i t  over and above t h a t  
required t o  charge the  input capac i tors  C2 and C j  would cut off Qlr, 
the e f f e c t i v e  gating t r an r~ icn t s  is e m e n t i a l l y  climlnated. 
of the  requirements f o r  the i n t e g r a t o r  c i r c u i t  are f u l f i l l e d .  The 
size of C2 and C, ie chosen in such a way as t o  provide the  c a l i b r a t i o n  
factor for t he  system. 
precise compensation of the bias introduced by the threshold circuit. 
A s l i g h t  attjustment of Cg r e l a t i v e  t o  C2 can be made t o  compenrrate for 

D i o d e s  I+ and D, 
Their primary function is t o  u c t  a s  t h e  

During t h e  puloe i teelf ,  D2 conducts, 
During t he  oyer- 

3 

unless it is desired t o  in t eg ra t e .  Res is tor  9c 

Clearly ruch signals will be extremely amall and i n  

6 f o r  noise s igna l s ,  
This combined with the 

3 
9 

When in tegra t ion  is des i rab le ,  Q, is c u t  of f  by the 

Thus all 

Theae two capac i tors  a r e  nominally equal for 
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any inbalance between t h e  diode gap of D1 and the input  gap of Q,. 
In prac t ice ,  t h e  effect on the  ave r -a l l  i n t eg ra t ed  r e s u l t  can be 
neglected and these capaci tors  choaen with moderate tolerances.  The 
threshold and in t eg ra to r  c i r c u i t  i r  bui ld  i n t o  an add i t iona l  cordwood 
module s imi l a r  t o  those making up the  amplif ier .  
ex t e rna l ly  for convenience. 
t o  connect and disconnect the E-cell from t h e  c i r c u i t  and t o  p e r m i t  
its being readout by means of ex te rna l  c u r r e n t s .  
provided a t  t h e  input  f o r  monitoring t h e  pulse  s igna l s  a t  the  input  
to the  threohold c i r c u i t .  

The E-cell is located 
The closed c i r c u i t  phone jack  is used 

A jack is a l s o  

5 .  Power Supply Requirements - While m a x i m  e f f o r t  has not  been made t o  
minimize the pcnucr conswnption, t he  over -a l l  p w e r  requirenents  a r e  
quite moderate. 
require approximately 5 milliamperes a t  22 vo l t s .  This i o  approximately 
110 mi l l iwat t s  which should not  impose eerioue power problems except 
f o r  self-contained ba t te ry  operatian.  Such self-contained operatinn 
i 8  c l e a r l y  des i rab le  i n  t h e  case of the  operat ional  use of the  device. 
This would p e r m i t  complete freedom of movement of the  astronaut  during 
the period i n  which dose was being accumulated without t he  necessi ty  of 
obtaining power from a c e n t r a l  source. In a laboratory prototype, t h e  

self -contained power supply i s  extremely cmvenient  fur acquiring data 
i n  connection with acce lera tors  since the  use of long power cables  i n  
acce lera tor  experiemtns is an i n v i t a t i o n  t o  d i f f i c u l t i e s  with ground 
loops and pick up. 
ba t t e ry  s ince  pawer will be ava i lab le  from the  c e n t r a l  power supply 
f o r  re-charging as required. In t h e  laboratory prototype, two n i c k e l  
cadmium cells Burgess type CZ-28, were used. These provide almost 80 
hours of continuoua operation of t he  dosimeter between charge. They 
a r e  however, q u i t e  bulky and heavy cont r ibu t ing  approximately 8 cu. in .  
t o  the over -a l l  dimensions of the instrument. However, f o r  laboratory 
prototype purposes, i t  is adequate. Future operat ional  instruments 
can reduce t h i s  r equ i r emen t  i n  one of three ways: 

The amplifier and threshold i n t e g r a t o r  c i r c u i t s  

It is c l e a r l y  des i rab le  t o  use a re-chargeable 

(1) Reduction i n  the over-al l  power consumption of t h e  amplif ier  which 
can e a s i l y  be accomplished by appropriate design e f f o r t s .  

(2) The use of d i f f e r e n t  types of b a t t e r i e s  such as t h e  s i l ve r  cadmium 

type 
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(3) 

In addi t ion t o  the  main power consumption, approximately 100 v o l t s  is 
required t o  bia8 t h e  detector .  This is e s s e n t i a l l y  a s h e l f  life type 
of serv ice  for b a t t e r i e s ,  the  drain being of t he  order  of 1 microampere. 
For the laboratory prototype, six 22.5 v o l t  carbon zing ce l l  s tacks  
were used. Future instrumants for operat ional  purposes w i l l  de r ive  
t h i s  b i a s  from the main power supply by means of a small DC t o  DC 
converter.  With an eff ic iency of only lo%, t h i s  would cont r ibu te  only 
SO mfcroamperea t o  the t o t a l  d ra in .  

Readout C i rcu i t  - The in tegra ted  information which is contained i n  t h e  

form of pla ted  s i l v e r  i n  the E - c e l l  is most conveniently readout by 
maeuring t h e  wmnuit of charge required t o  p l a t e  the ei lver back on 
another alcctrade. 
constant  current, then the time required for complete p l a t i n g  is a 

measure of the in tegra ted  dose. Now a wide v a r i e t y  of fno t rumnts  could 
be wed for readout i n  a c t u a l  opera t iona l  s i t u a t i o n e .  

m a d a t  inotrtllarnt was constructed t o  permit eva lua t ing  the dosimeter 
and t o  provide a convenient m a n s  of ca l ib ra t ion .  
diagram of t he  laboratory readout syatem which waa constructed.  The 
COn6tant readout cu r ren t  ies provided by a scner diode and one of two 
r e s i o t o r r  which a re  s w i t c h  s e l ec t ab le .  The readout C ~ r m n t 8  used a r e  
approximately 10 microanperas and 40 microamperes f o r  the  xl and x4 

pOSiti0nS r e q e c t i v e l y .  During p la t fng  the ce l l  vol tage does not  
exceed 50 m i l l i v o l t s  such t h a t  the  input  t r a n s i s t o r  whoec base i e  
connected acrors  the  E-cell w i l l  be c u t  off. When the  end point  is 
reached, the cell  c s e c n t i a l l y  becolnos an open c i r c u i t  and the  p l a t ing  
cu r ren t  is then switched to t h e  base of the input  t r a n s i s t o r .  This 
t ran l r i s tor  rap id ly  goes into conduction and its collector bottoms t o  
ground. 
emitter follower which controls  the operation of t h e  r e l axa t ion  
o s c i l l a t o r .  The re laxat ion o s c i l l a t o r  i a  a unijunct ion t r a n s i s t o r  type 
2N26ic6 with t h e  period determined by a 10 microfarad and two l O O K  

r e s i s t o r s .  If the  emitter follower i e  turned on, then t h e  10 micro- 
f a rad  capac i tor  charges through t h e  top  l O O K  r e s i s t o r  and t h e  base of 

Q,. When the  f i r i n g  po in t  f o r  t he  emitter of the  unijunction is  
reached, the 10 microfarad capac i tor  then  discharges through the  

The reduction i n  the  amount of capaci ty  between charges. 

If t h i s  p l a t i n g  is accomplirhed by m a n s  of a 

A laboratory 

Fig.7 i o  a achematic 

The co l l ec to r  of the input  t r a n s i s t o r  is connected t o  an 
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unijunction and t h e  lower l O O K  r e s i s t o r  back b ias ing  Q, and turning 
it o f f .  
which dr ives  t h e  mechanical register. By t h i s  means, t h e  mechanical 
register advances a t  the r a t e  of 1 count every 0.1 second as long a s  
t h e  p l a t i n g  process continues. The over-a l l  c a l i b r a t i o n  f a c t o r  is 
fixed i n  such a way t h a t  each register count corresponds very c lose ly  
t o  1 m. 

The co l l ec to r  of Q, is d i r e c t l y  coupled t o  t h e  base of Q, 

7 -  Calibrat ion and Results - Dosimetry system and readout has  been 

extensively ca l ib ra t ed  u t i l i z i n g  pulse generator pulses,  o p a r t i c l e s  
and t h i n  window de tec tors  and 30 Mcv protons inc ident  on the  ac tua l  
de tec tor .  
v a r i e t y  of pulse r a t e s  and amplitudes. The extreme l i n e a r i t y  within 
experimental error w i l l  be noted down t o  the  threshold pulse height.  
A t  t h e  threshold pulse height, the in tegra ted  output drop8 rap id ly  t o  
zero. 
from the  USC l i n e a r  accelerator ,  a r e  noted on t h i s  figure. 

Fig.8 shows the in tegra ted  dose v e r s u ~  input  for  a wide 

Cal ibrat ion poin ts  with a: p a r t i c l e s  and with 30 Mcv protons 

XI. SUMMARY 

The prototype i n s t r u m n t  has been developed f o r  measuring proton 
dose i n  space. 
i n  a matrix of tissue equivalent mater ia l  and sealed i n  a TO5 t r a n s i s t o r  
can. 
i nd ica t e  dose i n  the form of metal p la ted  i n  an electrochemical cell .  4 

prototype readout circuit is prwided  t o  permit reading out of t h e  cel l .  
Pulse generator ca l ib ra t ion  and preliminary ca l ib ra t ion  with CY p a r t i c l e s  
and protons, c o n f i r m  the  l i n e a r i t y  and dynamic range of t he  system. 
t i o n  t o  t h e  opcrat ional  requirements of t h e  Apollo program include: 

The de tec tor  is a 2x2x2m l i thium ion d r i f t  de tec tor  irtunersed 

An a l l  t r a n s i s t o r  preamplifier and in t eg ra to r  c i r c u i t  is used t o  

Adapta- 

(1) 

(2) 

Miniaturization of the  e lec t ronics  t o  approximately 1 cu. i n .  

Reduction of pawer consumption f r o m  approximately 100 mi l l iwat t s  t o  
approximately 20 m i l l i w a t t s .  

Adaptation of t he  readout system t o  an operat ional ly  rridtahle mans nf 
ind ica t ion .  

(3) 

(4) Calibrat ion aga ins t  acceptable absolute standards w i t h  a wide va r i e ty  
of proton energies.  
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